The preparation of hexagonal ͕0001͖ 4H and 6H silicon carbide surfaces by hydrogen plasma or etching in hydrogen flow produces highly ordered monolayers of silicon dioxide. Their structure and epitaxial relationship to the SiC substrate were analyzed by quantitative low-energy electron diffraction and Auger electron spectroscopy. The bond angles and distances retrieved agree with those of bulk SiO 2 . Due to the saturation of all dangling bonds the semiconductor surface is passivated and preserves its perfect order also in air. The practically ideal oxide monolayers may serve as a seed for growing epitaxial oxides with low defect density and only few structural distortions at the interface to the SiC substrate.
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Silicon carbide ͑SiC͒ is a candidate as a basic material for devices operable under extreme conditions, such as high temperature, high voltage, high frequency, and high power. 1 In this respect it is superior to silicon. In addition, it also forms a natural oxide with excellent dielectric properties, SiO 2 , is important for the realization of devices. The oxide can easily be produced by wet or dry oxidation in close analogy to the well-established Si processing technology. The quality of the interface, in terms of its density of states (D is ) is one of the relevant factors determining the performance of the device. A major contribution to D is likely originates from structural defects at the interface, e.g., unsaturated dangling bonds. The SiC and SiO 2 lattice parameters match within about 5% allowing for an epitaxial SiC/SiO 2 interface. This is in contrast to Si with a 25% misfit to the oxide involving a large number of interface defects. Yet, surprisingly the electronic quality of the substrate-oxide interface for Si is by far superior to that for SiC, 2 most likely due to the compound nature of SiC: during oxidation carbon has to be volatized. Yet, it obviously cannot be removed completely through the oxide layer already present. This inhibits a sharp epitaxial interface and leads to a transition region with siliconoxycarbide species [3] [4] [5] or excess carbon in the form of clusters or graphitic carbon precipitates 6 which all contribute to a considerable increase of D is . Several pre-/postoxidation treatments have been tried in order to improve the interface, [5] [6] [7] however, D is remains still 1-2 orders of magnitude higher compared to Si. Another promising approach to avoid the disorder described above is to deposit the SiO 2 film rather than oxidize the substrate material, 8 but metal-oxidesemiconductor structures fabricated accordingly are of about the same quality than those obtained by thermal oxidation. 9 It is, therefore, of some importance that in this letter we can report on the formation of an atomically well-ordered SiO 2 monolayer with an abrupt transition from the SiC to SiO 2 structure. This practically ideal epitaxial oxide monolayer might be a key to growing high-quality oxide films. The structure reported is reliable to prepare and very stable, it even survives exposition to ambient air.
Both hexagonal ͕0001͖ SiC surfaces were investigated. We used commercially available 6H-SiC(0001 ) ͑obtained from Cree Research; research-grade, n-type doped͒ and homoepitaxially, chemical vapor deposition ͑CVD͒ grown 4H-SiC͑0001͒ samples, respectively. In order to remove possible structural damages a sacrificial oxidation and HF etching were performed which, in addition, yield an atomically flat and bulk truncated surface. 10 Then, the samples were either etched in a CVD system with H 2 gas flow 11 under atmospheric pressure ͑sample temperature 1500°C for 5 min, H 2 flow 3000 sccm, H 2 supply switched on/off at ϳ1000°C sample temperature͒ or, performed only with the (0001 ) oriented samples, treated with hydrogen plasma (H 2 pressure 5ϫ10 3 Pa, H 2 mass flow 100 sccm, sample temperature ϳ800°C, microwave power 500 W for 30 min, sample unbiased͒. Without further treatment the samples were then introduced in an ultra-high-vacuum ͑UHV͒ analysis system equipped for low-energy electron diffraction ͑LEED͒ experiments and Auger electron spectroscopy ͑AES͒. Intensity versus energy spectra I(E) were recorded using a video LEED data acquisition system. 12 Prior to their analysis using full dynamical methods 12-14 they were also used as a fingerprint in order to identify similar or different structures resulting, e.g., after different preparations as already practiced earlier. 10 The analyses for the quantitative determination of the structural parameters applied tensor LEED 15 in combination with a search procedure. 16 They were carried out for one exemplary data set for each orientation, a detailed description will be published elsewhere. Complementary information regarding the elemental composition of the surface was obtained from AES.
Directly after introduction into UHV the ex situ prepared samples exhibited a ()ϫ))R30°LEED pattern with bright and sharp superstructure spots ͑Fig. 1͒. On (0001 ) surfaces there was practically no background indicating a high degree of order. On the ͑0001͒ surfaces, however, ala͒ Corresponding author. Electronic mail: jbernhardt@fkp.physik.uni-erlangen.de APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 8 22 FEBRUARY 1999 ways a faint background was visible. The ratio between average intensities of fractional and integer order beams was above 0.5 for both surfaces indicating strong reconstructions. Both preparation methods used for SiC (0001 ) yielded practically identical I(E) spectra, i.e., surface structures. Typical Auger spectra are displayed in Fig. 2 . Besides the Si LVV and C KLL peaks both surfaces display a strong O KLL peak. On the (0001 ) surface the Si LVV signal shows both the bulk-related peak at 90 eV and a feature at around 65 eV attributed to oxygen-bonded silicon. The Si LVV signal of the ͑0001͒ surface is more complex as expected due to differently coordinated Si for both surfaces. When heating the sample at temperatures below 1000°C neither the AES nor the LEED data change. Heating the (0001 ) sample at 1050°C for ϳ30 min, however, makes the LEED pattern change to (3ϫ3) periodicity 17 and both the oxygen and the Si-O signal vanish in AES ͑see Fig. 2͒ . On the ͑0001͒ sample the ()ϫ))R30°periodicity remains when annealing at 1000°C for ϳ30 min but the I(E) spectra change drastically indicative of the transition to a different surface structure. Again, the O KLL peak disappears and the Si LVV signal takes the bulk-like shape again. The simultaneous structural changes and oxygen removal on both surfaces are a strong indication that the ex situ prepared structures contain silicon oxide.
Indeed, the quantitative LEED analyses of the () ϫ))R30°phases on both surfaces detect a Si 2 O 3 overlayer on the SiC substrate, denoted as a silicate adlayer in the following. The two Si atoms per unit cell of this adlayer form a honeycomb arrangement. Each oxygen atom connects two of the Si atoms completing a ring-type structure. On SiC (0001 ) the Si atoms bind to the carbon atoms of the topmost SiC bilayer in the surface normal direction ͓Figs. 3͑a͒ and 3͑b͔͒. The excellent agreement between experimental and computed best-fit I(E) spectra for this model is reflected by a Pendry R-factor 14 of 0.14. The silicate related () ϫ))R30°structure on the ͑0001͒ surface is closely related to that on the opposite orientation ͓sideview, Fig. 3͑c͔͒ . The adlayer is identically arranged with the Si atoms also oriented towards the substrate. However, silicate and substrate are not connected via Si-Si bonds but linearly bridged by oxygen, Si-O-Si. This enhances the complexity of the adstructure which may cause some disorder indicated by the faint background observed. In spite of the latter, the best-fit Pendry R-factor of 0.20 is still convincing.
Inspection of the coordination of the Si atoms on the ͑0001͒ surfaces shows four different cases, namely SiO 4 , SiC 3 O, SiC 3 H ͑hydrogen due to reasons given below͒, and SiC 4 in the bulk. On the ͑0001͒ surfaces there are only two coordinations, SiCO 3 and bulk SiC 4 . This explains the different shapes of the Si LVV signal in the respective Auger spectra ͑Fig. 2͒. In both structures only one atom per () ϫ))R30°unit cell seems to have an unsaturated bond, namely, the atom of the substrate positioned below the center of the silicate ring. According to theoretical predictions 18 this should result in a considerable relaxation of the corresponding atom towards the bulk ͓0.25 Å for (0001 ), 0.15 Å for ͑0001͒ surfaces͔. Yet, our structure analyses found only a small value of 0.13 Å for the (0001 ) and practically no displacement for the ͑0001͒ surface. This indicates that the respective bonds are saturated, probably by hydrogen, which is offered during sample preparation but hides in the LEED analysis due to its weak scattering. The assumption of bond saturation by hydrogen is supported by the detection of monohydride termination ͓C-H on SiC(0001 ) and Si-H for SiC͑0001͔͒ by infared spectroscopy after similar preparations. 19 So, all bonds of the surface are saturated whereby the hydride as the possibly weakest part profits from the overall additional shielding by the silicate adlayer. This explains the stability of the structures, which maintain their atomic order even during exposition to ambient air and temperatures up to 1000°C in UHV.
The Si-O bond lengths and Si-O-Si bond angles derived in our analysis agree very well with the values known from bulk SiO 2 in common modifications ͑Table I͒. In bulk SiO 2 the silicon forms a diamond-type lattice and each two neighboring Si atoms are connected via oxygen. In analogy to diamond, buckled bilayers with hexagonally arranged Si atoms can be identified, whereby the upper three Si atoms connect to the next bilayer and the lower three bind to the previous bilayer, again via oxygen bonds. The Si 2 O 3 silicate layer found is similar to such a bilayer except that here all Si atoms are at the same height. However, it can be transformed to the bulk SiO 2 structure simply by breaking three bonds to the substrate and tilting the Si atoms upward to connect to the next SiO 2 bilayer.
We can only speculate how the highly ordered oxide layers develop on SiC. Previous studies on the initial oxidation stages of hexagonal SiC surfaces concentrated on the stoichiometry during this process rather than on the atomic structures involved. [3] [4] [5] 20 For ex situ prepared samples always (1ϫ1) LEED patterns were reported. This seems reasonable because, when starting with a bulk-truncated surface resulting from some ex situ preparation, oxygen adsorbs statistically and oxidizes the SiC locally with no long-range order, i.e., the (1ϫ1) pattern reflects the periodicity of the bulk SiC below some disordered oxide ͑see Ref. 10 , and references therein͒. Under both preparation conditions used in the present work no oxidation is possible. Therefore, we conclude that a ()ϫ))R30°order is already induced during the preparation leading to the formation of an epitaxially well-ordered silicate adlayer when the sample is subsequently exposed to oxygen, e.g., in ambient air.
The surface phases presented in this work are important with respect to application. First, they provide ideal masks for the formation of highly crystalline SiO 2 films with perfect epitaxial interfaces by deposition of a Si film and subsequent oxidation. The required temperatures are considerably lower than those for oxidizing SiC, which can be avoided including the involved deterioration of the interface by oxycarbides or the formation of carbon precipitates. Second, the silicate adlayers passivate the surface almost perfectly as previously outlined. Such a passivation is required in many steps of device technology. Also, the structures seem favorable as a seed for thermal oxidation, as it is known that the quality of the resulting interface depends critically on the cleanness of the initial surface. 2, 6 In conclusion, we have found a way to prepare welldefined epitaxial oxide monolayers on 6H-SiC(0001 ) and 4H-SiC͑0001͒ prepared by etching or plasma treatment of the sample in hydrogen. Quantitative LEED shows a Si 2 O 3 silicate adlayer on top of an otherwise bulk-truncated SiC surface. On the (0001 ) surfaces Si atoms of the silicate layer bond to carbon of the outermost substrate bilayer, while on the ͑0001͒ surface the silicate Si atoms bond to the topmost SiC bilayer via a linear Si-O-Si oxygen bridge. Both bond angles and distances agree very well with those of SiO 2 bulk. The structures maintain their high degree of order even during exposition to ambient air and are stable up to temperatures of 1000°C in UHV. They may serve as passivated surfaces, as seed for oxidation, or for SiO 2 film deposition continuing the epitaxial orientation of the oxide monolayers. This may yield SiO 2 /SiC interfaces free of oxycarbide species or carbon precipitates known to cause unfavorably high densities of interface states. 
